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Background and objective 

Future climate change mitigation targets will require large energy savings and greenhouse gas (GHG) 

emission reductions in the building sector. One of the strategies as a response to these policies is the 

development of zero emission buildings (ZEB) and zero emission neighborhood (ZEN) concepts; for 

instance, by urban development where the interplay of activities and subsystems at the neighborhood 

level give close to zero emissions. In Norway, the ZEN Research Centre studies the energy and emission 

performance on building and neighbourhood scale, and investigates the combination of specific 

measures in the building/energy/mobility system as well as local solutions on the neighbourhood scale. 

Concrete and wood are common building structural materials, and a better understanding on how they 

influence life-cycle assessment (LCA) results is needed in order to understand how materials can be 

used in the most environmentally friendly way. Two comparable residential building designs are 

chosen in order to compare the material embodied GHG emission performance. Sensitivity analysis is 

of particular interest in order to better understand (1) what are the decisive parameters for high/low 

contributions to greenhouse gas (GHG) emissions, and (2) what is the room of action in order to 

minimize material embodied GHG emissions. Contextual parameters will be included to improve the 

understanding of total emissions of the different construction materials and how different variables 

and assumptions affect the results. A systematic approach for including uncertainty for all inventory 

inputs will be conducted to investigate the variation and range in results, and where focus should be 

concentrated regarding reliable inventory inputs.  

The overall objective of this thesis is to contribute to the understanding of the environmental impacts 

of wood and concrete as building materials, with an appropriate structure of inventory datasets and a 

modelling framework for the evaluation of the two buildings and related influence of material choice. 

The work is linked to IndEcol’s participation in the FME-ZEN research center. Håvard Bergsdal, Senior 

Research Scientist at SINTEF Community will act as co-supervisor and provide links to an ongoing case 

study project in collaboration with Norcem and Moelven. 

The following tasks are to be considered: 

1. Carry out a literature study relevant to the topic of the thesis work. 

2. Develop an outline and modular structure for the two buildings. 

3. Develop an LCA model in Arda for the two buildings.  

4. Run the LCA model and present results in order to document the embodied GHG emission 

performance of the buildings analyzed, under different sets of input assumptions. 



5. Conduct a sensitivity and uncertainty analysis to find out (1) the decisive parameters and level 

of uncertainty regarding the building’s embodied GHG emission level, and (2) the room for 

action to cut GHG emissions. 

6. Discuss strengths and weaknesses of your work, and suggestions for follow-up research. 

 



Preface

The objective of this MSc project is to contribute to the understanding of the envi-

ronmental impact of using different construction materials, wood and concrete. A life

cycle assessment (LCA) model was used on two functionally identical case objects,

where one is based on wood materials and the other is based on concrete mate-

rials. Uncertainty and sensitivity analysis was performed to further investigate the

reliability of the results and the room for action for mitigating the environmental im-

pact. Løvseth+Partner have performed the detailed design of both case objects where

Moelven and Norcem are partners. The wood building is part of the research project

Woodsol. The masters thesis work was linked to Indecol’s and Sintef’s participation in

the FEM-ZEN Research Center and was carried out during the spring semester and

summer of 2020 at the Norwegian University of Science and Technology.

To my supervisor Professor Helge Brattebø and co-supervisor Håvard Bergsdal, re-

searcher at SINTEF Community, I would like to express my gratitude for valuable follow-

up sessions and discussions during the masters thesis work period. They have both

been providing excellent material and help, whenever that was needed. Håvard pro-

vided access to the inventory used in the project work and valuable discussions and

information about the case objects. I would also like to thank family and friends for all

the support and encouragement they have given me during this period.

Trondheim, Monday 24th August, 2020

Marthe Ruttenborg

The picture on the front page is a detailed design sketch of the wood building made by Løvseth+Parner.
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Abstract

The building sector is a considerable contributor to climate change being responsible

for 39% of energy related CO2 emissions and 36% of global final energy use in 2018

(Global Alliance for Buildings and Construction, International Energy Agency and the

United Nations Environment Programme, 2019). Reducing the life cycle environmental

impact of buildings today will have a long term effect because of the long lifetime of

buildings (Sandberg et al., 2017).

Life cycle assessment (LCA) has become a well-established tool for calculating the

emissions over the life time of a product or process, and have been an important tool

for assessing the environmental footprint of buildings. The total impact is calculated

based on all the life cycle stages, considering all emissions in all stages.

This work’s objective is to assess and evaluate the environmental impact of wood and

concrete when used as construction materials in two apartment buildings, which build-

ing elements have the largest contribution to climate change and the influence of ma-

terial choice in such buildings.

Two different calculation methods have been used to investigate the environmental im-

pact of the two buildings; a) LCA calculation using Arda and generic data from Ecoin-

vent v3.2 and b) impact calculation based on product and material specific environ-

mental product declarations (EPDs).

For the wood building the total emissions calculated using the generic data was 48

% higher then the calculation using specific product EPDs even though the emission

distribution between the materials in the building was similar for the two methods.The

EPD method also resulted in the lowest emission result for the concrete building, but

the difference between the methods is significantly reduced to 14 %. As for the wood

building the emission distribution between the materials was similar both methods.

The emission distribution between the building parts is also similar for the two build-

ings. Slabs, internal walls, and stairs and balconies are the largest contributors in both

buildings with both methods.

There are several uncertainties associated with the model used in this study. Parame-

ters which have been assumed to have high uncertainties or are large contributors to

the environmental impact have been included in a sensitivity analysis. The calculated

results from this analysis have been discussed and further work within the field of LCAs

on buildings and construction materials have been suggested.
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Sammendrag

Byggesektoren er en betydelig bidragsyter til klimaforandringer ved at de er ansvarlige

for 39 % av energirelaterte CO2 utslippene og 36 % av det globale energiforbruket

i 2018(Global Alliance for Buildings and Construction, International Energy Agency

and the United Nations Environment Programme, 2019). En reduksjon i bygningers

miljøpåvirkning gjennom livsløpet vil ha en langsiktig effekt på grunn av den lange

levetiden til bygninger (Sandberg et al., 2017).

Livsløpsvurdering (LCA) har blitt et veletablert verktøy for å beregne utslippene over

levetiden til et produkt eller en prosess, og har vært et viktig verktøy for å evaluere

miljøavtrykket til bygninger. Den totale virkningen beregnes basert på alle livssyk-

lusstadier, med tanke på alle utslipp i alle stadier.

Formålet med denne studien er å vurdere og evaluere miljøbelastningen av tre og be-

tong når de brukes som byggematerialer i to leilighetsbygg, hvilke bygningselementer

som har størst bidrag til klimaendringer og påvirkning av materialvalg i slike bygninger.

To forskjellige beregningsmetoder er brukt for å undersøke miljøpåvirkningen av de to

bygningene; a) LCA-beregning ved bruk av Arda og generiske data fra Ecoinvent v3.2

og b) konsekvensberegning basert på produkt- og materialspesifikke miljødeklarasjoner

(EPD).

For trebygningen var de totale utslippene beregnet ved å bruke generiske data 48

% høyere enn beregningen ved bruk av produkt spesifikke EPD-er, selv om utslipps-

fordelingen mellom materialene i bygningen var lik for de to metodene. EPD-metoden

resulterte også i det laveste utslippsresultat for betongbygningen, men forskjellen mel-

lom metodene er betydelig redusert til 14 %. I likhet med trebygningen, var utslipps-

fordelingen mellom materialene tilsvarende for begge metodene.

Utslippsfordelingen mellom bygningsdelene er også lik for de to bygningene. Gulv,

innvendige vegger og trapper og balkonger er de største bidragsyterne i begge bygnin-

gene med begge metodene.

Det er flere usikkerheter knyttet til modellen som ble brukt i denne studien. Parametere

som antas å ha høye usikkerheter eller som er store bidragsytere til miljøpåvirkningen,

er inkludert i en sensitivitetsanalyse. De beregnede resultatene fra denne analysen

har blitt diskutert og videre arbeid innen LCA-felt med bygninger og byggematerialer er

foreslått.
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1 INTRODUCTION

1 Introduction

1.1 Background

The climate around the world are changing and this is mainly related to the anthro-

pogenic emission of greenhouse gases (GHGs) to the atmosphere (FN-sambandet,

2018). Some observed changes are warming of the atmosphere and ocean, diminish-

ing amounts of ice and snow, rise in sea level and a increase in the concentration of

GHGs in the atmosphere (IPCC, 2013). According to IPCC (2014) the anthropogenic

greenhouse gas emissions have increased by 10 GtCO2 eq. in ten years from 2000

to 2010, and the increase are directly coming from buildings (3%), transport (11%),

industry (30%) and energy supply (47%). Global mean temperature could exceed four

degrees by the end of this century if the global GHG emissions continue to rise (IPCC,

2013).

To combat the increasing threat of climate change the Paris Agreement was made

during the twenty-first annual United Nations conference on climate change in Paris

2015. The central aim of the Paris Agreement is to make ambitious efforts to keep the

global temperature rise this century well below 2° Celsius above pre-industrial levels

and to make further efforts to limit the temperature rise to 1,5° Celsius. Every country

that signed the agreement made individual Nationally Determined Contribution (NDCs),

which outlines every nations own climate change mitigation targets.(UNFCCC, 2018)

Norway has committed to reducing the national emissions with at least 40% by 2030

compared to 1990. In 2017 the Norwegian parliament adopted a Climate Change Act

which establishes by law Norway’s emission reduction target for 2030 and 2050, under

this law the Government have to submit annual information on progress and status on

achieving the statutory climate targets(Norwegian Ministry of Climate and Environment,

2018).

Buildings are responsible for 28% energy related CO2 emissions, 39% if the construc-

tion industry is included and 36% of global final energy use. The emissions from the

building sector have risen to 9.7 GtCO2 in 2018 which is a 7% increase from 2010,

while the building construction emissions - related to manufacturing of building materi-

als - amounts for a further 11 GtCO2 (Global Alliance for Buildings and Construction,

International Energy Agency and the United Nations Environment Programme, 2019).

Mitigation options in the building sector are mainly related to switching from carbon

intensive energy sources to renewables and reducing building energy use, by product-

and system efficiency measures together with behaviour- and lifestyle changes.(IPCC,

2014)

1



1 INTRODUCTION

However, all activities occurring during a buildings lifetime where materials and en-

ergy resources are being used, cause environmental impacts. This entails production

of building materials, activities in the building process, energy use in use phase and

maintenance activities over the lifetime, and finally the demolition and waste manage-

ment (Fuglseth et al., 2018). The construction industry is responsible for 40–50% of the

global output of greenhouse gases (GHGs) with the consumption of 40% of materials

entering the global economy (Geng et al., 2017).

Buildings and building components have long lifetimes which necessitates the adapta-

tion of state-of-the-art performance standards in order to avoid considerable lock-in risk

associated with long lasting technology solutions both in new construction and when

refurbishing old buildings. The environmental performance during the lifetime of build-

ings is a result of the choises made at the time when the building was built.(IPCC 2014;

Sandberg et al. 2017)

In 2009, the Research centre on Zero Emission Buildings (ZEB) was founded in Nor-

way. The research program had a vision of eliminating GHG emissions caused by

buildings and their main goals was to develop knowledge, competitive products and

solutions for new and existing buildings(Research center on Zero Emission Buildings,

2017). The research center produced publications and developed a ZEB-definition dur-

ing the project from 2009 to 2017. Several projects around Norway are now using the

ZEB concept.

The Research centre on Zero Emission Neighbourhoods (ZEN) was founded in 2017

developing further on the work conducted in the ZEB project and expanding the goal

to include whole neighbourhoods to contribute to a low carbon society. Currently the

research centre has eight running pilot projects around Norway.(Research centre on

Zero Emission Neighbourhoods, 2017)

The urgency of utilizing state-of-the-art performance standard in the building indus-

try has been addressed by the European Parliament with the Energy Performance of

Buildings Directive (EPBD). Their vision is to decarbonice the building stock by 2050

and that all new buildings within the European Union shall be nearly Zero Energy Build-

ings (nZEB) by the end of 2020.(European Commmision, 2010)

2



1 INTRODUCTION

1.2 Problem definition

The objective of this assignment is to contribute to the understanding of the environ-

mental impacts of using different main construction materials, wood and concrete. An

LCA is conducted with focus on climate change impacts, in particular Global Warming

Potential (GWP100). To do this a systematic approach regarding elements and life

cycle phases to include is suggested. Then an LCA is performed based on two case

objects within the ongoing FME-ZEN research project. Both case object will be com-

pared to comparable studies and the distribution of emissions between the materials in

the buildings will be compared. A comparison of the total emissions between the two

buildings will not be done.

The following research questions are to be answered:

1. Which elements in the case buildings are the most important contributors to cli-

mate change?

2. What are the impact of changing the material choices?

3. What are the associated uncertainties to the LCA results?

1.3 Structure

In Chapter 2 a literature study on relevant research performed relevant to this assign-

ment is presented. Chapter 3 describes and defines the LCA method used in this

research, the case objects and includes the associated sensitivity analysis. Chapter 4

presents the results from the conducted LCA simulations and sensitivity analysis, fol-

lowed by a discussion in chapter 5. In Chapter 6 the results are concluded, and further

work is suggested.

3



2 LITTERATEUR STUDY

2 Litterateur Study

This part looks into the different available literature regarding LCA on building level

in Chapter 2.1 and uncertainty analysis in LCA studies in Chapter 2.2. Four different

LCAs that compare wood and concrete buildings is reviewed in Chapter 2.1.2.

2.1 LCA of buildings

The building sector has used life cycle assessment methods since 1990 (Buyle, Braet

and Audenaert 2013; Ortiz, Castells and Sonnemann 2009; Rønning et al. 2019) and

the number of published articles on building LCA have been growing rapidly for the last

two decades which is likely to reflect that LCA have been accepted as a approach to

analyze the environmental performance of buildings (Geng et al., 2017).

Geng et al. (2017) conducted a review of literature related to building LCA that were

publisher from 2000 to 2014 and found that the Norwegian University of Science and

Technology was the leading university in terms of this research. The aim of the study

was to discover the characteristics of global building LCA literature from 2000 to 2014

and found that, accounting for the largest shares of the 2025 publications found, 521

of the journal articles were associated with energy while 388 was associated with ma-

terials.

Operation and building material manufacturing stages have been found to be respon-

sible for a large portion of the environmental impacts. (Geng et al., 2017)

Energy related emissions are responsible for environmental impacts globally and have

a great impact on buildings as its part of all building life cycle stages, from manufac-

turing of materials and their transport, operation and end-of-life treatment (Geng et al.,

2017).

LCA studies performed on buildings have shown that emissions from the use phase is

the predominant contributor to the total environmental impact of a building. However,

regulations, technological developments and energy efficiency measures have reduced

the operational energy use of buildings shifting more of the total impact over to the

product phase of the buildings life cycle (Buyle, Braet and Audenaert 2013; Malmqvist

et al. 2018b). Reducing embodied energy in materials have become more important in

able to minimize the buildings environmental impact.

4



2 LITTERATEUR STUDY

Wooden buildings have been constructed for centuries, but the use of wood as a struc-

tural material in larger multi-story buildings have not been a common practice for a

long time (Robertson, Lam and Cole 2012; Østnor, Faanes and Lædre 2018). Using

wood as the main structural material require more resources during design phase of

the building, but can reduce time and create a cleaner working environment during

construction. Using laminated timber as a structural material require new construction

guidelines regarding fire and acoustic regulations (Østnor, Faanes and Lædre, 2018).

2.1.1 Importance of the Functional Unit

A functional unit (FU) is a reference unit that quantifies the performance of a product

system in a life cycle study and are used for facilitating comparisons between different

studies or design alternatives (Chau, Leung and Ng, 2015).

Chau, Leung and Ng (2015) conducted a study where it explored different functional

units used for building systems and materials and found eight different typically used

units and another five units used as functional unit for a whole building.

Norman, MacLean and Kennedy (2006) and Lausselet et al. (2019) found that changing

the functional unit to be crucial and to potentially lead to different conclusions for the

study when comparing scenarios.

2.1.2 LCA studies comparing wood and concrete structures

A study performed by Skullestad, Bohne and Lohne (2016a) used LCA methodology to

compare the climate change impact of reinforced concrete structures to corresponding

timber structures in a Nordic market for building heights of 3, 7, 12 and 21 storeys. The

goal of the study was to investigate the potential for reducing greenhouse gas emis-

sions from the construction industry by building multistory buildings and high-rise build-

ings using wood. The reinforced concrete structures are used as benchmark structures

for the timber structures, which are modeled to the same load conditions. This study

used three different calculation approaches, but found that the timber structures cause

lower climate change impact than the reinforced concrete structures for all structures,

in all approaches and scenarios. The functional unit of the study was kg CO2-eq per

building, with system boundaries to be the product stage (A1–A3). The environmental

impact of the 7 storey building was 174522 – 220415 kg CO2-eq between the best and

the worst scenario for the wooden building, and 471487 – 1010788 kg CO2-eq for the

concrete building. Three different calculation methods was used in the study and the

results mentioned are from method 1 which follows standards used for EPDs.

5



2 LITTERATEUR STUDY

Hofmeister et al. (2015) conducted a study on material emissions from a concept build-

ing built with traditional building material solutions of steel and concrete with no inno-

vative design solution or material choices to reduce emissions, and compared it with

emissions from an alternative wooden load bearing structure. The concept building

was based on a theoretical office concept study by Dokka et al. (2013). The wooden

structure is dimensioned to the same load, fire and sound conditions as the concrete

and steel structure. Modules included in the study are the product phase (A1–A3), end-

of-life stages (C3–C4) and recycling and energy recovery (D). The results in this study

also show that the wooden structure have the lowest GHG emissions for all approaches

and scenarios. The functional unit of the study is 1 m2 of total 1980 m2 heated floor

area (BRA) over the estimated service life time of 60 years (kg CO2-eq/m2/year). The

results for the wood building was 1,8–2,1 kg CO2-eq/m2/year, while the impact from

concrete and steel structure is calculated to be 3,2–3,5 kg CO2-eq/m2/year.

A study conducted by Malmqvist et al. (2018a) performed an LCA on five different

structural solutions, all based on the same architectural drawings and meeting the

same basic requirements. The study looked at three different concrete solutions, 1)

cast-in-place concrete slabs, and external and internal walls, 2) cast-in-place concrete

slabs, load-bearing internal walls and external lightweight compartment walls with steel

and wood joists and supporting steel pillars integrated in the facade, and 3) prefabri-

cated concrete hollow core slabs with Granab flooring system to meet the sound re-

quirements. Other then the concrete solutions the study looked at two different wood

solutions, a) prefabricated volume elements in wood b) external walls and slabs in

solid glued laminated timber elements with Granab flooring system to meet the sound

requirements. Figure 1 show illustrations of all five structural solutions. The study in-

cluded the product stage (A1–A3), construction process stage (A4–A5), use stages

including maintenance, repair, replacement and energy consumption in operation (B1–

B4 and B6), and end-of-life stages (C1–C4). The structures were designed to have the

same operational energy use of 41 kWh/m2 · Atemp, the areas of the building heated

to a temperature above 10 °C, so the operational energy use over the lifetime of the

buildings was the same for all structures. Generally, the results show that the wood so-

lutions have an overall better emission performance then the concrete solutions, where

the product stage is the crucial factor. The product stage (A1–A3) results for the con-

crete solutions are 279, 234 and 218 kg CO2-eq/m2 · Atemp, and the wood solutions

have impacts of 176 and 167 kg CO2-eq/m2 · Atemp.

6



2 LITTERATEUR STUDY

Figure 1: Illustration of the the five structural solutions investigated by Malmqvist et al.

(2018a)

Rønning et al. (2019) conducted an LCA study of two comparable office building struc-

tures, for buildings with 4, 8 and 16 floors, built with the two construction materials

wood and concrete. The study was performed on behalf of Betongelementforeningen,

a contractor association for concrete element manufacturers and assembly contrac-

tors, in 2019. Both structures was dimensioned to meet the same fire, acoustic and

load conditions by an independent company and analysed using EPDs as background

data for the material inputs.

Concrete manufacturers were directly involved in the study, first by giving their specific

EPDs to meet the products specified by the independent company, then by optimizing

their products to minimize the associated greenhouse gas emissions. No wood product

company was directly involved other then using their public EPDs for the background

data.(Rønning et al., 2019)

Three different scenarios for the concrete solution was created - typical concrete struc-

ture, environmentally optimized and best concrete products - while only one scenario

was made for the wooden solution. A number of EPDs for the products glued lami-

nated timber and cross laminated timber from different wood product producers were

investigated and the producer with the lowest emissions from the product stage was

used as background data for the wooden solution.(Rønning et al., 2019)

The total emissions from the concrete building with 8 floors are between 65 and 85 kg

CO2-eq/m2 and about 70 kg CO2-eq/m2 for the wood building. A comparison between

all the scenarios and solutions show that the wood structure have the lowest emissions

for the building with 4 floors, while the best concrete products solution have the lowest

emissions for the building with 16 floors. The difference between the best concrete

products and wood solution is minimal for the 8 floors high building.(Rønning et al.,

2019)

7



2 LITTERATEUR STUDY

2.1.3 Zero Emission Buildings and Neighbourhoods

From 2009 to 2017 a national research center, Zero Emission Buildings (ZEB), con-

ducted research on buildings with the goal of eliminate the greenhouse gas emissions

caused by buildings. This research lead to a Norwegian definition of ZEBs and associ-

ated calculation methodologies (Research center on Zero Emission Buildings, 2017).

Fufa et al. (2016) define a ZEB based on different ambition levels, where the associ-

ated greenhouse gas equivalent emissions during the lifetime of a building is balanced

with the emission reduction associated with onsite energy production instead of grid

power.

The different ambition levels dictate which building life cycle stages that must be in-

cluded to reach the different levels. Figure 2 show the different ZEB ambition levels

and which life cycle stages that are included according to the standard NS-EN 15978.

Figure 2: Rendering of the ZEB ambition levels according to the standard NS-EN

15978:2011 (Fufa et al., 2016)

8



2 LITTERATEUR STUDY

The M in the ambition levels stand for the emissions from building construction mate-

rials and components. Fixed inventory, sanitary installations, telecommunication and

automation as well as any outdoor installations are not included in the material stage

for the three ambition levels ZEB-OM, ZEB-COM and ZEB-COME.(Fufa et al., 2016)

A Zero Emission Neighbourhood (ZEN) research center was established in 2017 and

continued the research from ZEB, widening the system boundaries to include whole

neighbourhoods with the goal of developing solutions for future buildings and neigh-

bourhoods with no greenhouse gas emissions and thereby contribute to a low carbon

society (Research centre on Zero Emission Neighbourhoods, 2017).

Buildings have a large environmental impact during its lifetime from the production of

materials used to the waste treatment at the buildings end-of-life stage. Kristjansdottir

et al. (2018) did a comparative emission analysis of low-energy and zero-emission

buildings and found that the embodied emissions accounted for about 60 – 70% of the

total embodied and delivered energy emissions.

Kristjansdottir et al. (2018) conducted a study to see if a pilot residential ZEB could

reach the goal of balancing the life cycle emissions of the building with onsite renew-

able energy production, where the energy production accounted for negative emissions

as it replaced grid power. The study found that embodied emissions in materials greatly

impacted the balance and that the pilot was not able to reach a balance of zero emis-

sion over its life cycle.
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2.2 Uncertainty Analysis in LCA studies

In LCA, there is three types of uncertainty; parameter, scenario and model. Parameter

uncertainty is the most frequently used method for quantifying uncertainty in published

journal articles within the LCA field (Baek, Tahara and Park 2018; Bamber et al. 2020).

OpenLCA is a LCA software with uncertainty analysis capability using Monte Carlo

(MC) Simulation where uncertainties in relation to data variability, data quality and

characterization factors can be included in the analysis(Bamber et al., 2020). Another

software with uncertainty analysis capability is Simapro, which use pedigree matrix ap-

proach and MC to quantify parameter uncertainty(Simapro Help Center, 2020). The

Pedigree matrix approach are used to quantify parameter uncertainties in the Ecoin-

vent database(Ciroth et al., 2016).

Bamber et al. (2020) found that the importance of quantifying and communicating un-

certainties associated with the result of scientific studies are generally recognised, but

that reporting of uncertainties are not yet a common practice within the LCA commu-

nity. More then 2600 published journal articles from 2014 to 2018 was reviewed and

less then 20% reported any kind of uncertainties. There was also no evidence of any

increase of reporting uncertainties over time.

Wiik et al. (2018) have found that changing the LCA inventory from generic data, from

such sources as the Ecoinvent database, to EPDs can lead to a 20% reduction of envi-

ronmental impact for the modelled system. EPDs was developed as a tool to stimulate

the demand for greener products and materials through easy access, understandable

format, and credible information that they provide (Borghi 2013).
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3 Methodology

This chapter describes the methods used to perform the uncertainty and sensitivity

analysis’s. For this study the uncertainty analysis is performed using the Pedigree

matrix approach and Monte Carlo simulation.

The objective of this paper is to investigate the environmental impact of two buildings

built with different main building materials – concrete and wood. Two emission calcu-

lations is performed using a) EPDs and b) generic data from Ecoinvent. Parameter

uncertainty is calculated based on the emission calculation with EPDs while sensitivity

analysis is conducted on both emission calculations to investigate how it can affect the

overall environmental impact of the buildings.

Not all types of uncertainty are included. Since not all types of uncertainty are included,

the results can not be assumed to be correct for the overall system, but are considered

good enough to answer the research questions of the paper.

The uncertainty calculation is conducted using the Pedigree Matrix approach together

with Monte Carlo Simulation in Excel. The Pedigree Matrix approach assigns uncer-

tainty to all parameters as a log transformed variance while the Monte Carlo simulation

utilize this variance to simulate the uncertainty distribution of the parameters and the

overall systems uncertainty. Both methods are explained further in Chapter 3.7.

3.1 Life Cycle Assessment (LCA)

LCA is a method used to address the potential environmental impacts of a service or

product throughout it’s life cycle. The assessment can include all life phases from raw

material extraction and material processing, manufacturing, distribution, use, mainte-

nance and repairs, to end-of-life treatment, recycling and final disposal. Which phases

that are included depends on the aim and intended use of the LCA. Often, LCA is used

to find improvement opportunities in the life cycle, asses design solutions and market-

ing. The International Standard ISO 14040:2006 (Standard Norge, 2006a) describes

the principles and framework of LCA including the four different steps of an LCA, il-

lustrated in Figure 3. A short description of the different steps are given under the

figure.
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Figure 3: Stages of an LCA(Standard Norge, 2006a).

Goal and Scope Definition
The first step of an LCA is the goal and scope definition. In this step the goal of the

study is defined, which entails describing the objective, audience, and actors, while

the scope definition details the methodological choice’s of the study and assumptions.

Detailing, depth and breadth of the study should be sufficiently well defined in the scope

definition to ensure compatibility and so that it is sufficient to address the stated goal.

The aim and intended use of the LCA greatly influence the depth of the study, such as

which life cycle phases are included and the resolution, which is why it is important to

state this early in the process. As Figure 3 illustrates, LCA is a iterative process, and

various aspects of the scope definition may require modification to meet the original

goal of the study as further research is conducted and increasing amounts of data and

information is collected.

Life Cycle Inventory (LCI) Analysis
The second step of an LCA is the inventory (LCI) analysis. The goal here is to quantify

relevant material and energy inputs and outputs of a product system to meet the goals

12
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of the study, which require data collection and calculation procedures. Required data

can be collected from different sources depending on what kind of data is needed.

Life Cycle Impact Assessment (LCIA)
This stage classify and characterise the stressors into respective impact categories

and impact units. Stressors is a more general therm then emissions and includes

emissions, waste products, land use and resource extraction. After the stressors are

classified, thy are aggregated using characterization factors and compared to form

a single category indicator. The different environmental impact categories is climate

change, ozone depletion, ecotoxicity, human toxicity, photochemical ozone formation

a, acidification, eutrophication, resource depletion and land use. Climate change are

widely assumed using global warming potential (GWP) expressed in therms of kg car-

bon dioxide equivalents (CO2-eq).

Interpretation
Finally the life cycle interpretation of results. The significant contributions from emis-

sions and processes are identified and presented in accordance with the goal and

scope of the study. Sensitivity analysis is performed to establish confidence in the re-

sults by seeing how the conclusions change with respect to any model assumptions.

At the end, uncertainties in the study is analysed to strengthen the results.

3.2 NS 3720 - Method for Greenhouse Gas Calculation in Build-

ings

In 2018 a new Norwegian standard for GHG calculation in buildings was published. The

standard describes a calculation methodology for GHG emissions connected to the

lifetime of a building or building part with the purpose of making the results comparable

across different tools and models (Standard Norge, 2018a). Figure 4 show the different

stages and modules the building assessment is divided into.

Classification and coding of building elements that are to be included in the GHG cal-

culations have to be in accordance with the subdivision in (Standard Norge; Standard

Norge, 2018a; 2019a). Figure 5 show a cut out of the table of building elements for a

building on a 2-digit level which is the minimum required resolution for conducting an

LCA on of a building (Standard Norge, 2019a). Appendix A show the table of building

elements with a resolution down to a 3-digit level that is not required but should be

used if possible.
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Figure 4: Display of information modules for the different stages in a building assessment

(Standard Norge, 2018a)

This standard defines rules for both complete greenhouse gas calculations and for var-

ious partial calculations. It stipulates that an basic overall greenhouse gas calculation

for a building without location must include emissions from the building site, materials

and energy in operation. (Standard Norge, 2018a)

Figure 5: A cut out of the table of building elements for a building on a 2-digit level (Standard

Norge, 2019a).
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The standard distinguishes between two levels of data quality, level 1 and level 2. Level

1 is when specific data for the tangible product has been used, such as EPDs where a

third party has verified the declaration. Level 2 is all LCA data that does not meet the

requirements of level 1, such as when generic data, average data and representative

data (proxy data) have been used. (Standard Norge, 2018a)

Biogenic carbon

Biogenic carbon is the carbon dioxide that the threes take up during growth and store

in the wood. Some or all of the stored biogenic carbon can be released as carbon

dioxide during burning or decay of the wood.(Rønning and Tellnes, 2018)

The standard stipulates that the biogenic carbon should be included in the module

where the binding takes place or where the emission of carbon takes place. This would

result in a typically negative effect in the production phase and a equivalent emission in

the waste treatment phase. It is, however, in many LCA studies a common practice to

simplify the calculation by accounting the contribution from biogenic carbon as having

no effect on climate change, even though several studies show that biogenic carbon

has an real climate effect even though its only temporary storage(Rønning and Tellnes,

2018).

Carbonation

Carbonation of concrete is a chemical reaction where carbon dioxide in the atmo-

sphere react with calcium oxide (CaO) in the concrete and becomes calcium carbonate

(CaCO3) (Rønning and Tellnes, 2018). This reaction process progressively continues

during the service lifetime of the built concrete structure with increasing depth. Several

factors affect the tempo and amount of carbon taken up by the concrete; temperature,

CO2 concentration, relative humidity, type and area of exposed concrete, and surface

treatment (Collins, 2010). Standard Norge (2018a) stipulates that the absorption of

carbon must be included in the calculations and calculated according to the NS-EN

16757 for the modules B1, C3 and C4, as well as module D.
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3.3 LCA tool - Arda

The reliability of the life cycle analysis depend on the background processes used in

the life cycle inventory. The data for the background processes can mainly be collected

in two ways, either by using environmental product declarations (EPDs) that exists for

specific products or available databases that can be linked to the foreground processes.

EPDs has a standardized format that follows the international standard ISO 14025 and

presents the environmental performance of the product in a transparent and compa-

rable way (Standard Norge, 2010). Some of the available databases are Ecoinvent,

BUWAL, ESU and Idemat.

The LCA tool used in this study, Arda, is a Matlab based program made by the Industrial

Ecology research group at NTNU. Arda calculate the environmental impact using the

background database Ecoinvent v.3.2, allows the user to upload their own foreground

system and connects it with the background database. The software supports the use

of ReCiPe impact methodology. (Majeau-Bettez and Strømman, 2016)

3.4 Environmental Product Declarations

There are several databases for EPDs online. For this study, the EPD-Norge online

database was the main database used to collect needed EPDs. EPD-Norge is a pro-

gram operator for type III EPDs according to ISO 14025. The program has established

a system for verification, registration and publication of EPDs as well as maintenance

of the register for EPDs and PCR (Product Category Rules).(The Norwegian EPD Fed-

eration, 2019)

A total of 233 EPDs has been used in this study where 198 was from the EPD-Norge

database and 35 was from other EPD databases. The EPD databases and number of

EPDs from each database is presented in Table 1.

Table 1: EPD databases and number of EPDs utilized.

EPD database Number of EPDs

EPD Australasia 7

EPD Danmark 12

EPD-Norge 198

The International EPD System 14
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A average value is calculated from all EPDs for a material or product that have the

same functional unit. A average is used because of differences in the environmental

impact of the materials or products and because the specific materials and products

that will be used in the buildings is unknown. The EPD-Norge Database consists of

many EPDs from industries and companies outside of Norway and it is found that

many of these materials and products have a larger environmental impact then the

Norwegian materials and products. The buildings are assumed built in Norway and as

far as possible EPDs from Norwegian industries and companies has been used.
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3.5 System Description

A modular approach have been used to model the case objects in this study. Two

dimensions of the system boundaries have been used, where the first dimension char-

acterize the physical boundaries, while the second dimension characterize the system

boundaries of the building life cycle.

The bench-marking of the life cycle performance of buildings should rely on a consis-

tent methodology for life cycle assessment. Therefor, the methodology used in this

study is based on the framework of the Norwegian standard NS3720. The physical

boundaries are limited to the building, excluding fixed inventory and other building parts

that are not included in other categories according to NS3451. Heating, Ventilation and

Air Conditioning (HVAC), electrical power, telecommunication and automation, other in-

stallations and outdoors have not been included in this study and will not be referred

hereafter.

The system boundaries are in this study limited to the product stage (A1 – A3) of the

materials used in the buildings. The choice is considered appropriate when considering

material choices for a given structural system. The case objects are considered context

independent in this study. Transport from supplier to construction site, construction

phase and the demolition phase are affected by conditions that can vary greatly from

project to project. It is acknowledged that conceptual parameters have a impact on

the total emissions of a building and that such parameters should be included when

performing a complete LCA of a building.

This study is mainly looking at the structural system of the buildings, where the mate-

rials have the same lifetime as the building itself. Repairs and replacements are not

included as it is assumed not to be necessary for the building materials investigated.

Carbonation of concrete and biogenic carbon in wood have also not been included in

this study. Inclusion of these parameters would lead to a lower impact from all of the

wood materials assuming sustainable forestry.
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3.6 Case objects

The case objects are two residential buildings that are functionally identical, dimen-

sioned to the same fire, acoustic and load conditions. Both buildings have eight floors,

gross floor area (GFA) of 2516.1 m2 and indoor height of 2.95m. The building are cal-

culated with having a parking garage in the basement which accounts for 460.1 m2 of

the total GFA. The calculations comprises of two main alternative construction materi-

als; concrete construction and glued laminated timber. Both buildings have a assumed

service lifetime of 60 years and none of the included building elements are assume

replaced within the lifetime of the building.

The floor structure in the wood building is twice the thickness of the floor structure in

the concrete building, making the wooden building taller. The difference makes a large

impact on the amount of cladding on the buildings, which is why this building part is

important to include even though its built up with the same materials. The amount of

materials used is larger for the wood structure.

Each floor in both buildings have three different apartments accessible form a shared

hallway with access to stairs and elevator. The floor plan of each floor are identical

accept for one apartment in the first floor which is smaller because of a shared en-

trance to the building. The stairs and elevator are also accessible from the parking

garage in the basement. Floor plans for the wood building are given in Appendix B.

Windows, doors and floor finishing in both buildings was identical and not included in

this report. Steel reinforcing in the cast-in-place concrete floors in both buildings are

also not included.

Access to inventory data sets for both buildings was given from Sintef and originated

from detailed design made by Løvset+Partner in the program Revit. The inventory

included all elements made in Revit which lead to a double counting of some of the floor

elements in both buildings. All adjustments and assumptions made for both buildings is

explained in the detailed description in Chapter 3.6.1 and Chapter 3.6.2. All information

about the concrete building came from the inventory, while more information could be

found for the wooden building which is a part of the research project Woodsol where

published articles are available.

Wall framing was not included in the inventory for either of the buildings. Detailed

drawings from the wood building show that it has a wooden framing for the external

walls and a metal framing system for the internal walls, see Figure 6. Because of

similarities in the inventories, the same build-up of the wall structure was assumed for
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both buildings. Wood framing in the external walls have been estimated and included

for both buildings, while the metal framing have not been included.

Figure 6: Illustration showing the wall build up for external walls(Løvseth, 2019).

Figure 7: Illustration of a wooden framing structure

for external walls(Byggforsk, 2014).

The amount of wooden wall framing

was calculated based on a frame-

work of studs with a maximum width

of 600 mm between them

(Byggforsk, 2014), as illustrated in

Figure 7, and that the framing is built

on the load-bearing beams of the

building.

All the inventory for both buildings

was given with area (m2) or volume

(m3) units for all amounts, except for

steel amounts for the concrete build-

ing. Table 2 list all conversion fac-

tors used in this study and references

used.
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Table 2: Conversion factors used for the inventory of both buildings and the connected reference.

Conversion factors

Product Value Unit Reference

Vapor barrier 930 kg/m3 British Plastics Federation (BPF)

(n/a)

Chipboard 700 kg/m3 Skaar and Rønning (2014)

Steel in hollow core

concrete

1,5 % per ton hollow

core concrete

Østrem and Skårland (2019), Knut-

sen and Thomassen (2016), Kermit

and Mælen (2019), Olavsen and

Henriksen (2019), Rønning and

Tellnes (2018)

Plasterboard 720 kg/m3 Cobb (2017)

Hollow core concrete 400 kg/m2 Knutsen and Thomassen (2016)

Hollow space in hol-

low core concrete

40 % Østrem and Skårland (2019)

Fibre cement 2000 kg/m3 Steine and Larsen (2017) During

and Erlandsson (2017)

Glass wool 20 kg/m3 Thue (2019)

Gravel 1400 kg/m3 Grusbutikken (n/a)

Figure 8: Floor plan of the wooden build-

ing with structural stabilizing internal walls

marked in blue and red. Edited illustration

from Løvseth (2019)

The external walls are not load-bearing

structures in any of the buildings which

increases the design freedom. Internal

walls around the stairs, elevator and hall-

way, marked in blue and red in Figure

8, are stabilizing structures in both build-

ings and built with their respective con-

struction material; concrete or glued lam-

inated timber. The structural internal GLT

wall, marked in red in Figure 8, are longer

then the concrete counterpart. All inter-

nal walls have been included in the in-

ventory because of small differences be-

tween wall structures used in the build-

ings. Tiles used on the bathroom walls was identical in both buildings and not included

in the model inventory. None of the other internal walls in either building are load

bearing. Larger floor plan drawings is found in Appendix B.
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3.6.1 Wooden structure

The Woodsol research project focus on developing fire and acoustic solutions when

building multi-story buildings with wood materials(Løvseth, 2019). The building are

therefor assumed not optimized for reducing GHG emissions from materials.

The building are built with four different floor structures for different building elements.

Table 4 show the different structures thickness’s for the different elements and how they

are built up.

Table 3: The different building element floor structures in the wooden building

Building element Thickness Build up

Floor on ground (concrete) 300 mm 300 mm Cast-in-place concrete

Prefabricated floors * 530 mm 63 mm Kerto LVL panel

404 mm GLT joists

63 mm Kerto LVL panel

Balconies 320 mm 60 mm Wood decking

260 mm GLT panel

Stair landings between 320 mm 60 mm Kerto LVL panel

floors 260 mm GLT joists

* The hollow sections of the prefabricated floor is filled with gravel

The prefabricated wooden floor structure consists of two laminated veneer lumber pan-

els separated by laminated wooden framing where the hollow space in the structure

are filled with gravel. Framing of the floor structures had to be calculated based on a

maximum width of 600 mm between the joists, as illustrated in Figure 9.

Figure 9: The build up of the floor construction. (Stamatopoulos and Malo, 2018)
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Figure 10 show three different area drawings for the slabs. The area value used for

the top and bottom flange is 230 m2, while the core framing was calculated based on

a floor area of 189 m2, both areas illustrated in Figure 10a. The area shown in Figure

10b was dismissed as it didn’t fit with the floor plan drawings of the building.

(a) Light and dark gray: 230 m2. Dark gray: 189 m2. (b) Dark gray: 204 m2

Figure 10: Show different areas used for calculating the floor area of the wooden building.

The difference in areas are because of the steel connections between the slabs and

columns in the building, see Figure 11. No steel elements have been included in the

inventory for the wooden building.

Figure 11: Steel connection between the wooden slabs and columns (Løvseth, 2019).
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The complete inventory used in the Arda-model is shown in Figure 12 on a 3-digit

resolution level according to NS3451 (Standard Norge, 2019a).

Figure 12: Material inventory used in the Arda-model for the wooden building.

The complete inventory used in the EPD-model is shown in Figure 13. The Figure also

show the average environmental impact in kg CO2-eq calculated based on the gathered

EPDs. The difference from the Arda-Inventory is that reinforcement is included in the

concrete products in the EPD-Inventory.
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The two inventories is shown side by side in Appendix C.

Figure 13: Material inventory used in the EPD-model for the wooden building.
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3.6.2 Concrete building

The Building uses four different concrete floor structures for different parts of the build-

ing. Table 4 show the different structure thickness’s for the different elements and how

they are built up.

Table 4: The different building element floor structures in the concrete building.

Building element Thickness Build up

Floor on ground 300 mm Cast-in-place concrete

Prefabricated floors 265 mm Hollow core concrete slabs

Balconies 220 mm Hollow core concrete slabs

Stair landings 200 mm Hollow core concrete slabs

The slabs in the building are hollow core slabs, as illustrated in Figure 14, which re-

duces the concrete amount used in the floor structures (Østrem and Skårland, 2019).

The given concrete amounts did not account for the hollow sections or reinforcing bars,

and had to be calculated based on the conversion factors listed in table 2.

Figure 14: Rendering of a standard concrete floor element. Source: Vinje, Wilberg and

Alexander (2010)

All concrete areas and volumes for the slabs in the AB part of the building was doubled

in the given inventory and had to be corrected in the model inventory. No other steel

components other then columns, beams and reinforcing bars in the hollow core slabs

have been included in the model inventory.
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The complete inventory used in the model is shown in Figure 15 on a 3-digit resolution

level according to NS3451 (Standard Norge, 2019a).

Figure 15: Material inventory used in the Arda model for the concrete building.

The complete inventory used in the EPD-model is shown in Figure 16. The Figure also

show the average environmental impact in kg CO2-eq calculated based on the gathered

EPDs. The difference from the Arda-Inventory is that reinforcement is included in the

concrete products in the EPD-Inventory.
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The two inventories is shown side by side in Appendix C.

Figure 16: Material inventory used in the EPD model for the concrete building.
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3.6.3 Flowchart

Figure 17 show the flows of building elements starting from a 3-digit resolution on the

left, as described in NS3451, ending up in the functional unit “a building” on the right.

Inputs to the 3-digit resolution is the inventory earlier described in this chapter.

Stairs, balconies are not connected to either PB or AB, but are directly input to the

building. The material inputs to the stairs have not been divided between the floors of

the building which is why it is not set as a input to either PB or AB.

Figure 17: Flow chart sketch of LCA resolution on a building level.
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3.7 Uncertainty and sensitivity analysis

3.7.1 Pedigree Matrix Approach

The parameter uncertainty is calculated utilizing the Pedigree matrix approach. The

rows of the matrix are composed of different relevant aspects while the columns ex-

press different degrees of data quality or uncertainty. Each column is assigned a indi-

cator score from one to five, where one is the highest quality and lowest uncertainty.

Each cell of the matrix express a qualitative description and a assigned quantitative

value, expressed as log transformed variance, σ2. Figure 18 show the pedigree ma-

trix and its components. This study uses the same Pedigree Matrix as the Ecoinvent

database(Weidema et al., 2013).

A indicator score are assigned to each of the relevant aspects for a given parameter

and the uncertainty are calculated as the sum of the assigned variance, Equation 1.

σ2 =
n∑

i=1

σ2
n (1)

The calculation method utilized are based on log transformed values. The connection

between variance and log transformed variance is given in Equation 2

(
σ2
)∗

= exp
(√

σ2
)2

(2)

where (σ2)∗ is the variance and σ2 is the log transformed variance.
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Figure 18: Pedigree matrix with the quantitative description and qualitative value expressed

as log-transformed variance.(Weidema et al., 2013)
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Ecoinvent utilize different distributions to calculate uncertainty, but lognormal is the

most commonly used and is therefor the chosen distribution method utilized in this

paper.(Muller et al., 2014)

All EPDs used in this study was assigned indicator scores according to the qualitative

Pedigree Matrix.

3.7.2 Monte Carlo Simulation (MCS)

MCS is a method for random sampling used for uncertainty analysis. Input parameters

must be specified as uncertainty distributions to perform MCS and these uncertainty

distributions restrict the random variability of the input parameters. The MCS method

randomly selects values from all the parameter uncertainty distributions and run the

calculation hundreds and thousands of times. A higher number of iterations increase

the reliability of the distribution.

In this study, the lognormal distribution is used for all input parameters. The MCS

use the logtransformed value of the input parameter as well as the logtransformed

strandard deviation. The Simulación 4.0 add on to Excel is used to perform the MSC

in this study.(Ricardo, 2003)

The MCS calculates the mean, variance, standard deviation and relative error, and

gives the minimum and maximum values calculated.

The EPDs used for the inventories have been set as inputs in the MCS with the log-

transformed standard deviation calculated from the variance given from the Pedigree

matrix. No uncertainty have been assigned to the inventory data even though the pa-

rameters have been used in the MCS.

No other uncertainties has been included other then the EPD uncertainties. Inventory

parameters have been used to calculate the total emissions without assigning individ-

ual uncertainties to these.
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3.7.3 Sensitivity Analysis

The inputs to the model are associated with uncertainties. The effect on changes in

specific parameters have on the results are found by doing a sensitivity analysis. Cho-

sen parameters are either associated with large uncertainties or have a large contribu-

tion to the environmental impact. The sensitivity ratio (SR), in Equation 3, measures

the effect on changes in the parameters, where an SR of 2 implies that when its value

is increased by 10 %, the final result is increased by 20 %.

SR =
∆R
R0

∆P
P0

(3)

– ∆R/R0 is the relative change in results

– ∆P/P0 is the relative change in parameter value

Bamber et al. (2020) found that over time, the rate of reporting any kind of uncertainty

in LCA studies does not seem to be increasing, and since 2014 it has been included in

less then 20% of studies.

Polystyrene and glass wool are both insulation materials and have been added together

for the sensitivity analysis. Also all concrete and reinforced steel, and GLT products

have also been added together for the sensitivity analysis, named reinforced concrete

and glued laminated timber.

Table 5: Parameters investigated in the sensitivity analysis and the associated variations.

Parameter Variation

Reinforced Concrete + 25 %

Plasterboard + 25 %

Glazing + 25 %

Insulation + 25 %

Glued laminated timber + 25 %
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4 Results

This chapter presents the results from the LCA calculations. Results for the wood

building is presented in Chapter 4.1 while Chapter 4.2 presents the results for the

concrete building. Both chapters presents the associated uncertainty and sensitivity

results.

4.1 Wood Building

Figure 19 show the total emissions from the wood building for both the Ecoinvent and

the EPD calculation. The total emissions for the EPD calculation include the calculated

relative error of 2,04 %. The parking basement and apartment block of the building is

also shown as individual columns showing the environmental impact from each of the

different building parts according to NS3451.

Figure 19: Total emissions from wood building with uncertainty in results for the EPD calcu-

lation.
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The figure show a significant difference between the calculated emissions between

the two calculation methods. Performing the emission calculation with EPD leads to

a reduction in emissions by 48 %. The EPD calculation is 12 % lower for the parking

basement, while its 57 % lower for the apartment block part of the building.

Table 6 show the impact distribution between the materials in the wood building. GLT

are the main building material and accounts for more then 40% of the emissions in both

cases. The reinforced concrete used in the parking basement accounts for almost 1/5

of the buildings emissions.

Table 6: Impact distribution between the materials in the wood building

Material % of total emissions % of total emissions

Arda EPD

Glued laminated timber 54,0 % 40,6 %

Reinforced Concrete 19,5 % 17,6 %

Glazing 7,6 % 9,3 %

Plasterboard 6,2 % 5,0 %

Insulation materials 4,4 % 4,9 %

Vapor Barrier 3,6 % 0,3 %

Gravel 2,4 % 10,8 %

Structural timber and cladding 1,3 % 3,3 %

Particleboard 0,3 % 2,7 %

Hardwood stairs 0,0 % 0,1 %

Total emissions 354 242,3 kg CO2-eq 185 768,4 kg CO2-eq

The results from the uncertainty calculation is given in Figure 20. Several of the input

parameters have larger uncertainties such as the XPS insulation and the GLT columns

and Concrete Beams, but the overall uncertainty of the system given all input parame-

ters have a small uncertainty of 2,0 %.
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Figure 20: Result from the uncertainty calculation for the wood building.
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4.2 Concrete Building

Figure 21 show the total emissions from the concrete building for both the Ecoinvent

and the EPD calculation. The total emissions for the EPD calculation include the cal-

culated relative error of 2,01 %.

Figure 21: Total emissions from concrete building with uncertainty in results for the EPD

calculation.

There is a clear difference between the Arda calculation and the EPD calculation. For

the total emissions the EPD calculation is 14 % lower then the arda calculation. The

difference is smaller for the parking basement where the EPD calculation is 8 % lower

then the arda calculation, while the difference is 16 % for the apartment block part of

the building.
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Table 7: Impact distribution between the materials in the concrete building

Material % of total emissions % of total emissions

Arda EPD

Reinforced Concrete 67,6 % 74,2 %

Structural Steel 10,2 % 12,8 %

Glazing 7,6 % 5,7 %

Plasterboard 5,1 % 2,5 %

Insulation materials 4,8 % 2,6 %

Vapor Barrier 3,3 % 0,2 %

Structural timber and cladding 1,2 % 1,9 %

Glued laminated timber 0,1 % 0,1 %

Particleboard 0,0 % 0,0 %

Total emissions 354 644,5 kg CO2-eq 302 290,4 kg CO2-eq

The results from the uncertainty calculation is given in Figure 22. Several of the input

parameters have larger uncertainties such as the XPS insulation and the GLT columns

and Concrete Beams, but the overall uncertainty of the system given all input parame-

ters have a small uncertainty of 2,0 %.

38



4 RESULTS

Figure 22: Result from the uncertainty calculation for the concrete building.

4.3 Sensitivity analysis

Parameters that have the greatest sensitivity ratio, and thus have the largest influence

on the total emissions are represented in table 8 and 9 which show the results from the

sensitivity analysis.
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4.3.1 Wooden building

Table 8: Parameters investigated in the sensitivity analysis and the associated variations, sensitivity ratio

and relative change in result.

Parameter Variation Sensitivity Change in total emission

ratio result from base case

Reinforced Concrete + 25 % 0,048 4,5 %

Plasterboard + 25 % 0,014 1,4 %

Glazing + 25 % 0,018 1,7 %

Insulation + 25 % 0,012 1,1 %

Glued laminated timber + 25 % 0,134 11,8 %

Figure 23: Emission results from sensitivity analysis – Wood building.
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4.3.2 Concrete building

The reinforced concrete is the material in the concrete building with the largest sensi-

tivity to

Table 9: Parameters investigated in the sensitivity analysis and the associated variations, sensitivity ratio

and relative change in result.

Parameter Variation Sensitivity Change in total emission

ratio result from base case

Reinforced Concrete + 25 % 0,17 14,4 %

Plasterboard + 25 % 0,013 1,3 %

Glazing + 25 % 0,019 1,9 %

Insulation + 25 % 0,012 1,2 %

Glued laminated timber + 25 % 0,000 0,0 %

Figure 24: Emission results from sensitivity analysis – Concrete building.
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5 Discussion

Life cycle assessment (LCA) is a well established tool for assessing the environmental

impact of buildings, but the use of different functional units and system boundaries

significantly affect the results. The importance of a clear scope and goal of the study

becomes more important for such studies where several different functional units are

being used.

Total emissions from the wooden building was found to be 354242,3 kg CO2-eq with

the Arda calculation and 185 768,4 kg CO2-eq. The Arda calculation is higher then

Skullestad, Bohne and Lohne (2016b) and Rønning et al. (2019), lower then Malmqvist

et al. (2018a) and around the same result as Hofmeister et al. (2015). Differences in

included building elements and system boundaries, makes it impossible to compare

the buildings and come with a common result. Equal system boundaries are crucial to

be able to compare different studies.

Total emissions from the concrete building was found to be 354 644,5 kg CO2-eq for

the Arda calculation and 302 290,4 kg CO2-eq for the EPD calculation. The Arda

calculation is lower then Skullestad, Bohne and Lohne (2016b), Hofmeister et al. (2015)

and Malmqvist et al. (2018a), while its much higher then Rønning et al. (2019). All

systems have different system or physical boundaries and uses different functional

units. All studies does however use the same lifetime of buildings of 60 years and

include the product phase of the buildings.

The sensitivity analysis for both buildings show that the result are sensitive to changes

in the main building material. This correlates with the fact that both GLT and rein-

forced concrete are the materials that contribute the most to the total emissions from

the buildings. Both of these materials contribute to more than 40% of the total emis-

sions in both buildings and for both calculation methods. Including more of the building

inventory would reduce the sensitivity for GLT and reinforced concrete.

Rønning et al. (2019) have three concrete options while only one wood option are stud-

ied. Two of the concrete solutions have been optimized or adjusted by communicating

with architects or building engineers. Showing that its possible to decrease the embod-

ied emissions from materials by communication in the design phase of the buildings.

For the case studies no such communication was conducted, while structural adjust-

ments to the inventory was made. Such adjustments will have large uncertainties when

not performed by skilled professionals.
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5 DISCUSSION

The results on a 3-digit building element resolution show the importance of having a as

high resolution as possible to see the contribution from specific building elements and

materials. Results on a 2-digit resolution can contain building elements having signifi-

cantly different impacts. A higher resolution does however require more resources for

the LCI and a extensive knowledge of the case object. However, the overall result of

the study might not be greatly affected by a higher resolution for all building elements.

Performing LCA is an iterative process where the resolution of the study can be contin-

uously increased as the largest contributors become visible. The conducted LCAs do

not include all building elements or life cycle phases and is thus not a complete LCA.

The biggest contributor is the slabs in the buildings. The gravel amounts in the slabs

in the wood building is associated with a high uncertainty regarding the inventory pa-

rameter. This uncertainty is not included in the study, but the uncertainty associated

with the emission intensity of gravel is low according to the uncertainty analysis. In-

cluding the uncertainty in the inventory data would increase the overall uncertainty of

the model, but seeing that the uncertainties are small from the beginning, the inven-

tory uncertainties would have to be significant to have a major impact on the systems

uncertainty

EPDs can be easily used to compare the same products and materials from different

producers, but there are no easily available programs for using EPDs in the calculation

of the environmental impact of larger systems that consist of a number of EPDs. Using

EPDs to calculate the impact from such systems is therefor a very time consuming

method even though the EPDs themselves are easily available.

In this study all calculations have been done manually in Excel. Utilizing a LCA tool

with a uncertainty calculation method would significantly reduce the labour intensity of

the work. If the EPD calculations have small uncertainties it is evident that using EPD

instead of generic data will greatly impact the result of your study.
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5 DISCUSSION

5.1 Uncertainties and limitations

The assumed mistakes found in the given inventory was not discussed with anyone

who had extensive knowledge of the case objects. All corrections made was based

on literature and no third part was used to check any of the calculations. All assump-

tions regarding calculated building elements are therefor assigned high uncertainties.

Building engineers and architects would have to be included in the work to improve the

inventory and adjust material amounts for both buildings.

Incompleteness of the inventory have made it difficult to find and use the correct ma-

terial inputs to the model. It is evident that communication between building engineers

and architects, who make the inventory, and people conducting the LCA is a crucial

part reducing uncertainties in the LCA.

Much time was used on fixing mistakes and completing the inventory of the case ob-

jects instead of focusing on building a robust model. At current point both inventory

and model uncertainties are large. LCA is an iterative process and the focus when

starting an LCA should be on building a robust model before focusing on completing

and reducing uncertainties in the inventory.

This study use both generic data and EPDs to calculate the environmental impact of

the buildings, but a average value is calculated and used in the EPD inventories. Using

a average value will increase the uncertainty in the results, but the first focus should

be on improving the building inventories and material information before utilizing more

specific EPDs in the inventories. It is not possible to choose more specific EPDs without

more information.
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5 DISCUSSION

5.2 Further work

Several aspects on the field of performing LCAs for the purpose of material choices

needs further work, and one of them is determining the placement of system bound-

aries and how this should be conducted. The link between making the inventory and

source of LCA background data, either it is generic data or EPDs, is a important step

towards making more robust models, reducing the use of general conversion factors.

Further work should be done on getting a complete inventory and including all building

elements in both buildings. Such work should be conducted in communication with

architects and building engineers to ensure correct inventory values for all building

parts.

More building life-cycle modules should be included, especially transportation of ma-

terials and products (A4) to construction site as transportation is associated with large

emissions. Including a more materials and products increase the importance of includ-

ing replacements (B4).

Using generic background data for the materials increases the uncertainties in the

results. Utilizing specific product EPDs will reduce the emissions uncertainties and

increase the comparability to real life scenarios.

Changing the building material can also change the energy requirements of the build-

ing. Further research should incorporate equal energy requirements for the buildings

for them to be comparable.
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6 Conclusion

This study was conducted to better understand how the building materials wood and

concrete can be used in the most environmentally friendly way. How these materials

impact the life cycle assessment results of a building is a crucial step towards finding

the best material combinations to minimize the environmental impact of buildings. The

goal of the study have been to find the impact of changing the material choices in build-

ings, and to find the elements that have the largest contribution to climate change. As a

starting point for the project, a literature study was performed to collect information on

existing LCA studies of buildings. To research the impact of different building elements

an LCA have been conducted on two case objects part of the Norwegian Zero Emis-

sion Research Centre by using an appropriate structure of inventory and modelling

framework.

Although three out of four literature’s reviewed in this study have concluded with a re-

duction in the environmental impact of a building when choosing a wooden structure

instead of concrete in their respective studies, it is clear that the results can’t be gen-

eralized for all buildings or building elements. Contextual parameters and boundaries

highly impact the total impact result of the study. The effect of changing the materials

is thus not clear.

Through the LCA conducted in this study it is possible to say that the building elements

accounting for the larges volumes and weight also account for the largest environmen-

tal impacts. The floor structures of buildings not having load bearing external or internal

walls will be a large contributor to the total environmental impact of the building. For

the case studies, the prefabricated floor structures in both buildings accounted for the

largest impact and had the highest sensitivity to total emissions.

This study show that including a uncertainty analysis can be very time consuming. The

results also show that the uncertainties of EPDs are small and that EPDs is a great

source for inventory data.
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A NS3451:2009 - TABLE OF BUILDING ELEMENTS

A NS3451:2009 - Table of building elements

Table 10: The minimum requirement of main building elements specified on a 2-digit level (column 2),

that are to be included in a GHG calculation according to the standard NS3451:2009 (Standard Norge,

2019a)

1-digit building 2-digit building element 3-digit building element

element number number number

minimum requirement for example on detailing that

a comprehensive GHG is not required but should

emission calculation be given if possible

according to the

standard

2 Building 20 Building general

21 Ground and 211 Preperation of site

foundation 212 Construction pit

213 Ground reinforcement

214 Supporting construction

[...]

22 Load-bearing 221 Frames

systems 222 Columns

223 Beams

224 Bracing constructions

[...]

23. External walls 231 Load-bearing external walls

232 Non-load-bearing external

walls

233 Glass facades

234 Windows, doors and gates

235 Outside cladding and

surfacing

236 Inside surfacing

[...]

24 Internal walls 241 Load-bearing internal walls

242 Non-load-bearing internal

walls

243 System walls

244 Windows doors, folding walls

II



A NS3451:2009 - TABLE OF BUILDING ELEMENTS

Table 10 continued from previous page

1-digit building 2-digit building element 3-digit building element

element number number number

245 Skirt

246 Cladding and surface

[...]

25 Slabs 251 Cantilevered slabs

252 Floor on ground

253 Raised floor, screeds

254 Floor systems

255 Floor surface

[...]

26 Roof 261.AB Primary structures

262 Roofing

263 Glass roof, skylight, sunroof

264 Roof structures

265 Cornies, gutters and down-

pipes

266 Ceilings and inside surfacing

267 Prefabricated roof elements

[...]

27 Fixed inventory 271 Bricked pipes and fireplaces

272 Assembly-ready fireplaces

[...]

28 Stairs, balconies, etc. 281 Internal staris

282 External stairs

283 Ramps

284 Balconies and verandas

[...]

III



B FLOOR PLANS OF WOOD BUILDING

B Floor plans of wood building

The next three pages show the floor plans for the wood building. The drawings are

made by Løvseth+Partner for the research project Woodsol, retrived from Løvseth

(2019).

Page VIII - 2. - 8. floor

Page IX - Ground floor

Page X - Parking basement

IV









C INVENTORY DATA

C Inventory data

The next two pages show the inventory data used to calculate the environmental impact

from the buildings

Page V - Wood building

Page VI - Concrete building

VIII
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